We have cloned a novel human gene, designated PFET1 (predominantly fetal expressed T1 domain) (HUGO-approved symbol KCTD12 or C13orf2), by subtractive hybridization and differential screening of human fetal cochlear cDNA clones. Also, we have identified the mouse homolog, designated Pfet1. PFET1/Pfet1 encode a single transcript of approximately 6 kb in human, and three transcripts of approximately 4, 4.5, and 6 kb in mouse with a 70% GCrich open reading frame (ORF) consisting of 978 bp in human and 984 bp in mouse. Both genes have unusually long 3¢ untranslated (3¢ UTR) regions (4996 bp in human PFET1, 3700 bp in mouse Pfet1) containing 12 and 5 putative polyadenylation consensus sequences, respectively. Pfetin, the protein encoded by PFET1/Pfet1, is predicted to have 325 amino acids in human and 327 amino acids in mouse and to contain a voltage-gated potassium (K + ) channel tetramerization (T1) domain. Otherwise, to date these genes have no significant homology to any known gene. PFET1 maps to the long arm of human chromosome 13, in band q21 as shown by FISH analysis and STS mapping. Pfet1 maps to mouse chromosome 14 near the markers D14Mit8, D14Mit93, and D14Mit145.1. The human 6 kb transcript is present in a variety of fetal organs, with highest expression levels in the cochlea and brain and, in stark contrast, is detected only at extremely low levels in adult organs, such as brain and lung. Immunohistochemistry with a polyclonal antibody raised against a synthetic peptide to PFET1 sequence (pfetin) reveals immunostaining in a variety of cell types in human, monkey, mouse, and guinea pig cochleas and the vestibular system, including type I vestibular hair cells.
ABSTRACT
We have cloned a novel human gene, designated PFET1 (predominantly fetal expressed T1 domain) (HUGO-approved symbol KCTD12 or C13orf2), by subtractive hybridization and differential screening of human fetal cochlear cDNA clones. Also, we have identified the mouse homolog, designated Pfet1. PFET1/Pfet1 encode a single transcript of approximately 6 kb in human, and three transcripts of approximately 4, 4.5, and 6 kb in mouse with a 70% GCrich open reading frame (ORF) consisting of 978 bp in human and 984 bp in mouse. Both genes have unusually long 3¢ untranslated (3¢ UTR) regions (4996 bp in human PFET1, 3700 bp in mouse Pfet1) containing 12 and 5 putative polyadenylation consensus sequences, respectively. Pfetin, the protein encoded by PFET1/Pfet1, is predicted to have 325 amino acids in human and 327 amino acids in mouse and to contain a voltage-gated potassium (K + ) channel tetramerization (T1) domain. Otherwise, to date these genes have no significant homology to any known gene. PFET1 maps to the long arm of human chromosome 13, in band q21 as shown by FISH analysis and STS mapping. Pfet1 maps to mouse chromosome 14 near the markers D14Mit8, D14Mit93, and D14Mit145.1. The human 6 kb transcript is present in a variety of fetal organs, with highest expression levels in the cochlea and brain and, in stark contrast, is detected only at extremely low levels in adult organs, such as brain and lung. Immunohistochemistry with a polyclonal antibody raised against a synthetic peptide to PFET1 sequence (pfetin) reveals immunostaining in a variety of cell types in human, monkey, mouse, and guinea pig cochleas and the vestibular system, including type I vestibular hair cells.
INTRODUCTION
The prevalence of severe to profound bilateral congenital hearing loss is estimated at 1 in 1000 births Nucleotide sequences have been deposited in the GenBank database under accession numbers AF359381 for human and AY267461 for mouse. (Barbara L. Resendes and Sharon F. Kuo) Co-first authors. (Gorlin et al. 1995) . About 50% of congenital deafness is thought to be due to environmental factors, such as acoustic trauma, ototoxicity (e.g., aminoglycoside antibiotics), and viral or bacterial infections (e.g., rubella, bacterial meningitis). The remaining 50% are attributed to genetic causes and are categorized as syndromic or nonsyndromic hearing loss. Approximately 77% of hereditary deafness is estimated to show autosomal recessive inheritance, 22% is autosomal dominant, 1% is X-linked, and less than 1% segregates through the maternal lineage via mitochondria mutations (Morton 1991) . Hundreds of syndromes are recognized in which hearing loss is among the clinical findings (Gorlin et al. 1995) ; over 90 loci have been mapped for nonsyndromic hearing loss (51 autosomal dominant, 39 autosomal recessive, 1 modifier, and 6 X-linked), and to date (Van Camp and Smith 2003) mutations in at least 53 genes that cause deafness have been identified (Resendes et al. 2002) .
We undertook an organ-specific cDNA library approach to identify genes important for hearing, a method that has been used successfully to identify various genes including auditory genes (Hedrick et al. 1984; Jones and Reed 1989; Gurish et al. 1992; Cohen-Salmon et al. 1997; Soto-Prior et al. 1997; Heller et al. 1998; Jacob et al. 1998; Robertson et al. 1998) . To this end, we made a human fetal cochlear cDNA library (Robertson et al. 1994 ) and have used two complementary methods to identify genes within the cochlear library. The first strategy, sequencing of the cDNA library, resulted in over 14,000 ESTs and revealed the presence of more than 1200 known genes, more than 2200 EST clusters also expressed in other libraries, and 700 EST clusters unique to the cochlear library (Skvorak et al. 1999; Resendes et al. 2002) . Analysis of the cochlear ESTs revealed 788 genetic loci, some of which fall within intervals of mapped deafness loci and represent positional candidates for deafness disorders (http://hearing. bwh.harvard.edu). This comparative sequence analysis led to the identification of the novel gene OTOR (Robertson et al. 2000) . The alternative strategy combined the approaches of subtractive hybridization and differential screening of the cochlear library and led to identification of genes preferentially expressed in the cochlea (Robertson et al. 1994) . As a result of the latter strategy, several auditory genes, namely ATQ1 and COCH, of which the latter is novel, have been identified from the cochlear cDNA library (Skvorak et al. 1997; Robertson et al. 2000) . COCH was further shown to be responsible for a sensorineural deafness and vestibular disorder, DFNA9 (Robertson et al. 1998) .
Herein we present characterization of a novel human gene, PFET1, identified from the human fetal cochlear cDNA library by subtractive hybridization and differential screening, and the characterization of its mouse homolog, Pfet1. We describe expression analyses, chromosomal mapping, and immunohistochemical analyses of the human and mouse genes.
MATERIALS AND METHODS

Differential screening of a subtracted cochlear cDNA library
Human PFET1 was initially identified from a human fetal cochlear cDNA library by subtractive hybridization and differential screening techniques utilized to identify genes important for hearing (Robertson et al. 1994) . The original partial cochlear cDNA was designated 2E9. Briefly, a human fetal cochlear cDNA library was subtracted with human fetal brain mRNAs by an avidin-biotin-based procedure to enrich for cochlear-expressed transcripts. Poly (A)+ RNAs from second-trimester cochlea and brain cortex were isolated and reverse transcribed to generate 32 P-labeled cDNA probes used for differential screening of the subtracted clones to identify those clones expressed at higher levels in the cochlea.
Isolation of cDNA clones
The human PFET1 partial cDNA, which represents the 3¢-most 848 bp of the full-length cDNA, was identified initially from the human fetal cochlear cDNA library. The full-length human PFET1 cDNA was obtained in two phases. During the first phase, 4.4 kb of the cDNA was obtained by using the insert from the original cochlear cDNA clone as a probe to screen 10 6 recombinant phage from a human fetal brain cDNA library cloned into Lambda ZAP II (Stratagene, La Jolla, CA). Filters were prehybridized and then hybridized at 42°C with a 32 P-labeled random-primed (Feinberg and Vogelstein 1984) probe in 10% dextran sulfate, 4· SSC, 7 mM Tris-HCl (pH 7.6), 0.8· Denhardt's solution, and 20 lg/ml sonicated and denatured herring sperm DNA in 40% formamide and 0.5% SDS. Filters were washed in 0.1· SSC in 0.1% SDS at 50°C prior to autoradiography using XAR-5 film (Eastman Kodak Co., Rochester, NY) and intensifying screens at )80°C. During the second phase, the remaining 1.7 kb of the 5¢ end was cloned through a computer search of the accumulated terminal sequence data of human long cDNA libraries of the Kazusa DNA Research Institute (http://www.kazusa.or.jp/huge) (Ohara et al. 1997 ). The longest clone, which was 6.2 kb in size, was isolated from an adult hippocampus library and is denoted as pg00707.
The mouse Pfet1 sequence was isolated by using the open reading frame (ORF) from the human PFET1 to search the GenBank EST database (http:// www.ncbi.nlm.nih.gov/BLAST/, EST database). One EST (GenBank accession No. AW230625) was identified with 95% identity at the nucleotide level and contained 160 bp of the 3¢ end of the ORF and 300 bp of the beginning of the 3¢ UTR. The AW230625 EST was derived from the 5¢ end of a mouse IMAGE clone (accession No. IMAGE: 2647463) that was obtained from Research Genetics (now Invitrogen Life Technologies, Carlsbad, CA). Together with an overlapping mouse clone (accession No. IMAGE: 5012249), the complete sequence of 3¢ UTR of mouse Pfet1 was determined. The remainder of the 70% GC-rich ORF was cloned from total adult mouse brain RNA using 5¢ rapid amplification of cDNA ends (RACE; Invitrogen Life Technologies). Because the ORF is 70% GC-rich, reverse transcription was performed at 50°C in the presence of PCR x Enhancer Solution (Invitrogen Life Technologies). For amplification of cDNA, the following PCR protocol was performed in the presence of PCR x Enhancer Solution: initial denaturation at 97°C for 3 min; 35 cycles of 96°C for 30 s, 62°C for 30 s, and 72°C for 2 min; and final extension at 72°C for 7 min. PCR fragments were TA-cloned (Invitrogen Life Technologies) and sequenced.
Genomic clone
BLAST analysis of the PFET1 nucleotide sequence identified a 109 kb genomic clone (GenBank accession No. AC000403) corresponding to RPCI-1 PAC clone 264 J2, and this PAC was obtained from Research Genetics. PAC 264 J2 contains the entire PFET1 gene.
Sequence analysis
Nucleotide sequence of partial cDNA clones was determined using an ABI PRISM dye-terminator cyclesequencing system (PE Applied Biosystems, Foster City, CA). Sequence analysis was performed using the University of Wisconsin Genetics Computer Group software (Devereux et al. 1984 ) and the Open Reading Frame (ORF) Finder program at the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/). The cDNA insert of pg00707 was sequenced using the shotgun strategy according to procedures previously described (Ohara et al. 1997) . For DNA sequencing, dye-primer or dyeterminator cycle sequencing reactions were performed using ABI PRISM cycle sequencing kits (PE Applied Biosystems) and the products were analyzed with ABI 373 or 377 DNA sequencers. Filters were prehybridized for 2 h and hybridized overnight at 42°C as described above with either 32 Plabeled random-primed probe or PCR-generated 32 Plabeled probe. Filters were washed in 0.1· SSC in 0.1% SDS at 42-55°C prior to autoradiography using XAR-5 film with intensifying screens at )80°C. A human 3¢ UTR probe was prepared via random labeling from the original 2E9 cochlear clone; a human 3¢ UTR internal region probe was amplified using the following primers and conditions: upper (5¢ TGCAAACATGCCAAGTATTTT 3¢) and lower (5¢ AGGCAACCAGGTCTCCTTCT 3¢); initial denaturation at 97°C for 3 min; 35 cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and final extension at 72°C for 7 min. To generate radiolabeled PCR fragments representing the beginning (507 bp) and end (462 bp) of the human ORF, the following primers and the same conditions as above were used: upper (5¢ CCTCTCTGTCATGGCTCTGG 3¢) and lower (5¢ TGTTCGGGCTCCGAGTAG 3¢), and upper (5¢ TCCTCTTCCGCTACATCCTG 3¢) and lower (5¢ TTGAGGTAATAGCGCGAGGT 3¢), respectively.
Northern blot analysis
For generation of a mouse Pfet1 ORF 460 bp probe (contains 160 bp of the 3¢ region of the Pfet1 ORF and 300 bp of the beginning of the 3¢ UTR) from mouse clone AW230625, the following primers and PCR conditions were used: upper (5¢ CAGGCCTTCG ATAAGCTGTC 3¢) and lower (5¢ CGACATCCTGA CTCTTGCAT 3¢); initial denaturation at 97°C for 3 min, 35 cycles of 96°C for 30 s, 58°C for 30 s, and 72°C for 30 s; and final extension at 72°C for 7 min. For generation of the mouse Pfet1 3¢ UTR probe 1 (400 bp), the following primers and PCR conditions were used: upper (5¢ GGCTCATAGGACAGCACCTC 3¢) and lower (5¢ GCATGGCTGCACATCAGATA 3¢); initial denaturation at 97°C for 3 min 35 cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and final extension at 72°C for 7 min. For generation of the mouse Pfet1 3¢ UTR probe 2 (394 bp), the following primers and PCR conditions were used: upper (5¢ GAGGGAATCGTTTTGATGTGA 3¢) and lower (5¢ CCCAGCAATTTATGGAGTTGA 3¢); initial denaturation at 97°C for 2 min, 35 cycles of 96°C for 30 s, 60°C for 30 s, and 72°C for 30 s; and final extension at 72°C for 7 min.
Gene mapping
A human PAC (246 J2, GenBank accession No. AC000403) containing the entire PFET1 gene was obtained from Research Genetics and used to generate a biotin-labeled probe for fluorescence in situ hybridization (FISH). About 3 lg of PAC DNA were labeled with dNTPs conjugated with biotin (Boehringer Mannheim, Indianapolis, IN) according to the manufacturer's protocol, precipitated with 6 lg of Cot-1 DNA (Gibco-BRL, Rockville, MD), and resuspended in 30 ll hybridization buffer (50% formamide, 2· SSC). Hybridization of metaphase chromosomes from peripheral blood lymphocytes obtained from a normal male was performed using 0.5-1 lg of labeled probe. The biotin-labeled probe was detected using Cy3 avidin (Amersham, Little Chalfont, Buckinghamshire, UK) and chromosomes were counterstained with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI) (Vysis, Downers Grove, IL). The map position of the PFET1 gene was determined by visual inspection of the signal on the DAPI counterstained metaphase chromosomes. Chromosomes and signals were observed with an Olympus AX70 photomicroscope and photographs were captured using a Photonics CCD camera and Genus software (Applied Imaging, Santa Clara, CA). Mapping of the mouse Pfet1 gene was performed by using the 3 kb mouse sequence to search for identical sequences in the Celera mouse genome database (Celera, Rockville, MD).
Tissue preparation for immunohistochemistry
Cochleas from three mice (6-8 weeks old), two guinea pigs (less than 3 months old), one monkey (unknown age), one adult human (68 years old), and one fetal human (20 weeks old) were used in this study. Human fetal tissues were fixed in 4% paraformaldehyde in PBS at 4°C for 2-3 weeks and then decalcified in 0.1 M EDTA in PBS at 4°C for approximately 2 weeks. The human adult temporal bone was retrieved during autopsy; postmortem time is unknown. All tissues were prepared for paraffin sections in the following manner: animals were anesthetized via intraperitoneal injection of urethane (1.5 g/kg), and exsanguinated through transcardial perfusion of saline with 0.01% sodium nitrite, followed by fixative. Fixatives used were formalin acetic acid (FA: 10% formalin and 1% acetic acid in PBS) and formalin glutaraldehyde (FG: 10% formalin and 0.1% glutaraldehyde in PBS). The bulla cavity of each animal was quickly exposed and 0.2-0.5 ml of fixative was injected slowly into the scala tympani through the perforated round window. Specimens were kept overnight at 4°C in their respective fixative followed by one week in 120 mM EDTA pH 7 for decalcification. For human specimens, decalcification was performed up to a month. The decalcified specimens were dehydrated in a series of ethanol solutions and xylene baths before embedding in paraffin (Imamura and Adams 1996) . Serial 8-lm sections were cut and mounted on glass slides.
Human fetal tissues were obtained following guidelines established by the Human Research Committees at Brigham and Women's Hospital and the Massachusetts Eye and Ear Infirmary. The care and use of animals were in accordance with NIH's ''Principles of Laboratory Animal Care'' and were approved by the institutional committee on animal care at both institutions.
Immunohistochemical staining
Polyclonal antibody was raised in rabbits against a synthetic peptide corresponding to amino acid residues 256-280 of PFET1 human sequence, coupled to KLH (keyhole limpet hemocyanin) (Research Genetics). This region of PFET1 is highly conserved in mouse. Antisera were affinity purified using the pfetin peptide. In order to obtain pfetin as a positive control for Western analysis, the ORF of PFET1 was cloned into vector pET28a to express the protein (Novagen, Madison, WI). Pfetin was also extracted from various adult mouse organ tissues that were shown to contain PFET1 mRNA through Northern analysis. For a negative control, the pET28a vector only and the pET28a vector with another unrelated ORF were used. All protein was expressed in bacterial cell line BL21 (DES) (Stratagene). Immunostaining of paraffin sections was performed with the biotinylated tyramine (BT) enhancement method (Adams 1992) . Paraffin sections containing the cochlear regions were deparaffinzed, hydrated, and rinsed in deionized water and PBS. Sections were blocked with 5% normal horse serum (NHS) in PBS for 30 min and then incubated overnight with primary anti-PFET1 antibody diluted between 1:1000 and 1:4000 in 1% NHS-PBS at room temperature in a humid chamber. Sections were rinsed with PBS and incubated for 1 h in a 1:1000 dilution of biotinylated goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame, CA) in 1% NHS-PBS. Sections were rinsed in PBS and incubated with Vectastain ABC reagent (Vector Laboratories). After an hour, sections were rinsed in PBS and incubated with BT diluted 1:100 in 0.01% H 2 O 2 for 10 min, rinsed in PBS, and incubated with ABC reagent for another 30 min. The primary antibody was visualized using 0.05% DAB (3,3¢ diaminobenzidine) in 0.01% H 2 O 2 and 0.1 M phosphate buffer. Controls for the immunostaining procedures were done with serial dilution of the affinity-purified primary antibody and with 1% NHS-PBS containing no primary antibody.
RESULTS
Identification of human PFET1 by subtractive hybridization and differential screening
To identify genes preferentially expressed in the cochlea, subtractive hybridization and differential screening techniques were performed using a human fetal cochlear cDNA library. Subtracted cochlear clones were differentially screened with 32 P-labeled total fetal cochlear and total fetal brain cDNA probes, identifying those clones that were highly or preferentially expressed in the cochlea (Robertson et al. 1994) . Slot blot analysis revealed that PFET1 had an increased level of expression in cochlea as compared to brain (data not shown), and led to its selection for further analysis.
Nucleotide and amino acid sequence analysis
To identify the full-length sequence of PFET1, human fetal brain and adult hippocampus libraries were screened and yielded several overlapping cDNA clones. The longest clone (6.2 kb) was isolated from the adult hippocampus library and represented the full-length sequence of PFET1, containing a predicted full-length ORF of 325 amino acids encoded by one exon and a 3¢ UTR of 4996 bases containing 12 polyadenylation consensus sequences ( Figs. 1 and 2) . The detailed information of the isolated clone is available on a Gene/Protein characteristic table for KIAA1778 of the HUGE database (URL, http://www.kazusa.or.jp/huge). Analysis of the upstream sequence revealed a Kozak sequence (GCCCGG CCACCN 8 ATGG) (Fig. 1) . The 240 bases 5¢ to the ORF and the entire ORF are very GC-rich (78% and 70%, respectively) ( Figs. 1 and 2 ). BLAST analysis (dbNR) revealed homology to no known genes in GenBank, identified one partial human fetal brain mRNA clone designated 24475 (GenBank accession number AF052169), and one chromosome 13 PAC clone designated 246 J2 (GenBank accession number AC000403). BLAST analysis (dbEST) revealed homology to 279 ESTs from various human libraries, including fetal cochlea (n = 31), adult and fetal brain (n = 29), adult heart (n = 14), adult kidney (n = 16), adult lung (n = 17), adult ovary (n = 17), and adult muscle (n = 5). The findings of a consensus Kozak sequence, and that longer transcripts containing additional 5¢ sequence were not revealed by RT-PCR (data not shown), library screening or, computer searching of public databases, suggest that the 6.2 kb clone contains the entire gene.
One mouse EST (AW230625) with 95% identity at the nucleotide level and containing part of the ORF (170 nucleotides of the 3¢ end of the ORF) was identified from GenBank (mouse dbEST). The remainder of the mouse Pfet1 ORF was cloned from mouse brain total RNA by performing 5¢ RACE. The remaining 3.4 kb of the mouse Pfet1 3¢ UTR was obtained by sequencing IMAGE clone 5012249 that overlapped with mouse AW230625 EST (see Materials and Methods). Like its human homolog, the mouse Pfet1 gene has an unusually long 3¢ UTR (3700 bp) and contains five putative polyadenylation consensus sequences (Fig. 3) .
The protein domain database, Pfam (Bateman et al. 2000) , was used to identify protein motifs or domains in the predicted amino acid sequence. A voltage-gated potassium channel tetramerization (T1) domain of 95 amino acids, spanning amino acids 34-129, was identified (E = 7.3e ) 17) in the amino terminal region (Figs. 1 and 4) . No other complete domains were predicted. A hydropathic profile utilizing the Kyte-Doolittle method revealed four weakly hydrophobic regions of at least 10-15 amino acids (data not shown). The deduced amino acid sequence does not appear to contain any transmembrane spanning domains, as determined by the transmembrane prediction programs TMpred (Hofmann and Stoffel 1993), TMHMM (Sonnhammer et al. 1998) , and HMMTOP (Tusnady and Simon 1998).
The human PFET1 and mouse Pfet1 genes are 91% identical at the nucleotide level within the ORF and share little sequence similarity outside of the ORF (Fig. 2) . The mouse ORF is longer by two amino acids (insertion of proline and histidine at positions 142 and 143, respectively) and the predicted protein differs by eight amino acids (Fig. 2) . The human and mouse pfetin are predicted to have 325 amino acids in human and 327 amino acids in mouse and to contain a voltage-gated potassium channel tetramerization domain. The entire human and mouse ORFs are very GC-rich (70%). The tetramerization domain in the mouse Pfet1 is identical to that of the human PFET1 except for a phenylalanine-to-leucine change at position 88 (Fig. 2) . 
Northern blot analysis
To determine the relative level of expression of human PFET1 mRNA in various tissues, Northern blot analysis was performed using the original 3¢ cochlear cDNA clone (0.9 kb of 3¢ UTR) to probe a panel of human fetal RNA samples (Fig. 5) . One transcript (6 kb) was revealed at high levels in human fetal cochlea and brain, at moderate levels in skeletal muscle, lung, ovary, and eye, and at lower levels in thymus, tongue, heart, and adrenal gland (Fig. 5A) . A Northern blot panel of adult and fetal human organs was hybridized with different PFET1 probes (Fig. 5B,  D) . In contrast to the abundant fetal expression pattern, the 6 kb PFET1 transcript was present at barely detectable levels in adult tissues studied, such as spinal cord, cerebrum, cerebellum, skeletal muscle, lung, and lymph node (Fig. 5B) . Low expression levels of the PFET1 transcript were also detected in adult liver, heart, and kidney (data not shown). The transcript was also detected in various regions of the fetal brain (Fig. 5C ). Other smaller-sized bands, in particular a 4.7 kb band, were identified by probes made from the PFET1 ORF (Fig. 5B , ORF probe) and are thought to be due to nonspecific binding since the ORF region is 70% GC-rich and because the 3¢ internal UTR probe, which would be expected to be present in a transcript of this length, does not identify these bands (see Fig. 5B , 3¢ UTR internal). For Northern blot analysis of total RNA from adult mouse tissues, we initially used the ''ORF probe'' containing part of the 3¢ ORF region and part of the 3¢ UTR. A single 6 kb transcript was revealed at low levels in most adult mouse tissues tested (Figs. 6A, D) . Then, using a probe to a downstream 3¢ UTR region (''3¢ UTR probe 1, which overlaps with the ''ORF probe''), three transcripts (approximately 4, 4.5, and 6 kb) were identified in samples containing aging mouse brain and whole mouse embryos at different embryonic stages (Figs. 6B, C, D) . The intensity level of the largest Pfet1 mouse transcript identified during embryogenesis appears to increase between days 11.5 and 15.5, while the intensity level of the smaller mouse transcripts seems to peak earlier, from days 6 to 15.5 (Fig. 6C) . The smaller transcripts are not as apparent in the adult tissue panel, and most likely reflect the lower concentration of RNA used to prepare that Northern blot. Interestingly, the smallest mouse transcript (4 kb) was not identified by a probe derived from the 3¢-most mouse region (3¢ UTR probe 2) (data not shown) suggesting the use of an internal polyadenylation sequence.
Northern blot analysis utilizing probes derived from different regions of the human gene gave the same results as obtained with a 3¢-most probe and did not reveal the presence of additional transcripts for either human or mouse genes (data not shown). 
Chromosomal mapping in human
Physical mapping of PFET1 was done to determine its chromosomal position and to assess whether it is located within a region of any known deafness loci, making it a positional candidate gene for that deafness disorder. Initially, PFET1 was localized to chromosome 13 by virtue of its sequence homology to a genomic chromosome 13 PAC (GenBank accession No. AC000403, PAC 246 J2) and to several chromosome 13 STSs (SHGC-15652, WI-17550, and TIGR-A002 N08). PAC 246 J2, which contains the entire PFET1 gene, was FISH mapped and localized to band q21 on chromosome 13 (Fig. 7) . Currently, PFET1 is not a candidate gene for any known deafness disorder as none has yet been mapped within this chromosomal band (Van Camp and Smith 2003) . The mouse Pfet1 gene was mapped to chromosome 14 near the markers D14Mit8, D14Mit93, and D14Mit145.1 as determined by sequence identity with the Celera sequence GA_x5 J8B7 W5Y0C. Human 13q21 is contained within a region of homologous synteny in mouse chromosome 14 and, thus far, no mouse deafness mutant has been identified near the Pfet1 gene region. 
Immunohistochemical analysis
Before immunostaining was attempted, the antibody was tested for purity and specificity using Western blot analyses. The analyses of purified pfetin antibody on both bacterially expressed proteins and tissues extracted from various mouse organs (6-month-old brain, heart, and skeletal muscle) showed one distinct band between 35 and 47 kDa, the expected size of pfetin, for the positive control but not for either of the negative controls (data not shown).
The mammalian cochlear and vestibular systems consist of various cell types. In the cochlea, the greatest number of immunostained cells were type I fibrocytes in the spiral ligament (Fig. 8) . This finding was observed in all species, including human, monkey, mouse, and guinea pig (Figs. 8 and 9B ). Immunostaining was also localized in the following cochlear cell classes: types IV and V fibrocytes, Deiters' cells, inner and outer pillar cells, inner sulcus cells, interdental cells, and supralimbal and limbal fibrocytes (Figs. 8 and 9 ). Type V fibrocytes, also called suprastrial cells, were positive for immunostaining near Reissner's membrane in human (Fig. 9D), monkey (Fig. 8C), guinea pig (Figs. 10C) and most of the mouse cochlear sections (Fig. 8B) . While immunostaining of limbal fibrocytes and supralimbal cells was observed in mouse, guinea pig, monkey, and human cochleas (Figs. 8 and 9 ), immunostaining in Deiters' cells, inner and outer pillar cells, and interdental cells was observed only in mouse and guinea pig (Fig. 10A-C) . Immunostained neurons included spiral ganglion cells (Fig. 8B) , Scarpa's ganglion cells, and Purkinje cells in mouse sections containing brain tissues (not shown).
In the vestibular system apical immunostaining of type I hair cells was detected at the cuticular plate and in the hair cell cytoplasm (Figs. 11G,H) . Beneath the sensory epithelium, connective tissue cells were also immunostained in formalin plus glutaraldehydefixed mouse (Fig. 11H) and guinea pig ampulla (Figs. 11E,F,H) . Positively stained fibrocytes extended from beneath the sensory epithelium to the area beneath the vestibular dark cells. Adjacent to the sensory epithelium, transitional cells and cells beneath the vestibular dark cells in human fetal and guinea pig (Figs. 11A,B ,E,F) were positive. In addition, positive cells were present facing the lumen of the semicircular canals in human fetal tissue (Figs. 11C,D) and along with the lumenal and ablumenal surface of formalin plus glutaraldehyde-fixed mouse and guinea pig semicircular canal (Figs. 11E,F,H).
These immunohistochemical analyses were performed mostly on adult tissues, because fetal tissues were not available at the time of this study. Although pfetin has a low expression in adult tissues, nonetheless it is expressed in a variety of adult organs and therefore the immunohistochemical analyses on adult organs remains a reasonable initial study to carry out. Immunohistochemical analyses on fetal organs are pertinent and such future analyses will be performed.
DISCUSSION
We have cloned and characterized a novel intronless human gene designated PFET1 and its mouse homolog, Pfet1. The ORFs of PFET1 and Pfet1 are unusually GC-rich (70%); the potential significance of this is unknown. The encoded proteins of both genes contain a tetramerization domain characteristic of voltage-gated potassium channel subunits. The 3¢ untranslated region from the human gene is long (4996 bp) as the average 3¢ UTR length for human mRNAs deposited in public databases is between 740 and 755 base pairs (Pesole et al. 1997 (Pesole et al. , 2000 . The role of the unusually long 3¢ UTR in this gene is presently unknown. Although 12 putative polyadenylation consensus sequences are predicted in the human sequence, the finding that 5¢ and 3¢ probes identified only the largest transcript suggests that the other 11 putative polyadenylation consensus sequences may not be utilized to produce alternatively sized transcripts. It remains possible that other PFET1 transcripts of different sizes exist and are at levels below the limits detectable by Northern blot analysis or are expressed in a different temporal or spatial fashion not tested.
PFET1 encodes a single 6 kb transcript and its mouse homolog encodes three transcripts (4, 4.5, and 6 kb). In humans, a 6 kb PFET1 transcript is expressed abundantly in a variety of tissues in the fetus and at strikingly lower levels in the adult. The observation that PFET1 is expressed at much higher levels in fetal organs than in adult organs is intriguing. This expression difference in adult and fetal tissue samples appears also to occur with the mouse Pfet1 transcripts in brain (compare Fig. 6A and B) . The disparate expression levels of the PFET1 6 kb transcript cannot be explained by the expression of tissue-specific or age-specific alternative transcripts as both 5¢ (containing part of the ORF) and 3¢ UTR probes identified only a single transcript, the 6 kb transcript, in all fetal and adult human tissues tested (see Fig. 5D for position of probes). PFET1 is the first example to our knowledge of a human cochlear gene with such disparate expression patterns in adult and fetal human organs as late as second-trimester developmental age in humans. A similar type of expression has been seen before in other species such as mouse, zebrafish, Xenopus, and chick with genes like GATA3, Pax2, Bmp4, and Bmp7. This type of expression pattern suggests that PFET1 has a developmental role and thus is required at high levels during fetal life and at much lower levels in adulthood. Of note, the human fetal cochlear library from which PFET1 was identified represents largely developmental ages of 16-22 weeks, consistent with cochlea that are morphologically adultlike in structure. There is also evidence that the human fetus responds to sound at about this age. In light of these observations, it is interesting that there is a marked difference in expression levels of PFET1 in the fetus versus the adult, suggesting a potential important role of PFET1 in the cochlea during later stages of fetal life.
Tetramerization domain
Voltage-gated potassium channels, of which there are multiple families, each consisting of numerous members, are assembled as homomeric and heteromeric tetramers from membrane-integrated a subunits; the Shaker-related potassium channel also coassembles with cytosolic b subunits (Jan and Jan 1997; Pongs et al. 1999) . The assembly of different subunits to form functional heteromeric tetramers is thought to be determined by the amino acid composition of the tetramerization (T1) domain, and thus contributes to the diversity of electrical responses that a cell can generate in response to changes in membrane potential (Bixby et al. 1999) . Therefore, it is not surprising to observe some sequence variations in the conserved regions within K + channel tetramerization domains among family members given the existence of a K + channel tetramerization domain consensus sequence (Fig. 3) . The exact role of the T1 domain remains controversial. Previously, it was shown that the T1 domain is not necessary for K + channel assembly or function (Kobertz and Miller 1999) . Rather, the T1 domain of voltage-gated potassium channel subunits may act more as a segregation domain in that it ensures that tetramerization occurs only among subunits belonging to the same family and that cross-family subunit assembly does not occur (Li et al. 1992; Shen and Pfaffinger 1995) . The T1 domain may also function as a docking station for the b subunit of voltage-activated potassium (Kv) channels such that the removal of the T1 domain disrupts b subunit association (Sewing et al. 1996; Gulbis et al. 2000) .
Because the predicted ORF of PFET1 contains a tetramerization domain, it is tempting to speculate that pfetin may be a novel voltage-gated K + channel subunit that could contribute to tetramer diversity and thus could participate in a variety of electrical responses of the cell. Furthermore, the deduced amino acid sequence of pfetin is predicted to contain four hydrophobic regions of at least 10-15 amino acids in length. However, since PFET1 is predicted to contain no transmembrane domains, and six are characteristic of voltage-gated potassium channel subunits, it is unlikely that PFET1 encodes another member of the voltage-gated potassium channel subunits.
Relationship between T1 and POZ domains
The voltage-gated potassium channel tetramerization domain is thought to have a structural and evolutionary relationship to the BTB/POZ (for bric-a-brac, tramtrack, broad complex poxvirus and zinc finger) domain, which is found in a variety of proteins involved in transcriptional regulation, cytoskeletal organization, and development (Aravind and Koonin 1999). The POZ domains of the mammalian transcriptional represser proteins BCL6 and PLZF (promyelocytic leukemia zinc finger) interact with the transcriptional corepressor proteins mSIN3A and SMRT (silencing mediator of retinoid and thyroid hormone receptor) via a paired amphipathic helix 1 (PAH1) domain (David et al. 1998 ) and multiple SMRT contacts (Hong et al. 1997) , respectively. Chromosomal translocations involved in human leukemias generate fusion proteins, such as RARA-PLZF, containing POZ domains that play an important role in the pathology of the disease (Hong et al. 1997; Grignani et al. 1998; Lin et al. 1998) . The BTB/ POZ domain, like the voltage-gated potassium channel T1 domain, is important for protein-protein interactions and allows for dimerization of BTB/POZ domain-containing proteins. However, unlike the voltage-gated potassium channel T1 domain, POZ domains mediate interaction between proteins containing other domains as well. Future studies are necessary to determine if the T1 domain present in PFET1/Pfet1 is functional and possibly acts like a BTB/POZ domain, allowing for the interaction of PFET1/Pfet1 with proteins containing various types of domains.
Immunohistochemistry of pfetin antibody
The most numerous cochlear cells positive for pfetin were type I fibrocytes of the spiral ligament in the cochlea. Fibrocytes of the ligament are thought to be part of the connective tissue cell gap junction system (Kikuchi et al. 2000) and may play a role in K + recycling by transporting K + to the stria vascularis . The loss of type I fibrocytes of the spiral ligament is the predominant histopathology of DFNA9 (Merchant et al. 2000) , a known autosomal dominant, nonsyndromic, progressive sensorineural hearing loss (Robertson et al. 1998) . These are also the cells that are most severely disrupted in the hydropic guinea pig (Ichimiya et al. 1994) . The type I fibrocytes, containing enzymes such as intracellular Ca 2+ -ATPase, carbonic anhydrase, aldehyde dehydrogenase, and calcium-binding proteins, are thought to be involved in the regulation of cochlear fluid and ion balance (Ichimiya et al. 1994; . Although the exact function of type I fibrocytes in cochlea has not been clearly defined, it is quite obvious that their loss in DFNA9 shows that they play an essential role in normal auditory functions. Besides type I fibrocytes, pfetin antibody also stains type IV and type V fibrocyte cells in the cochlea across different species. Pfetin antibody immunostaining in limbal fibrocytes, supralimbal, Deiters', interdental, and pillar cells was less consistent. One possible explanation is species-specific expression of pfetin function in the cochlea. The amount of antigen available for pfetin antibody binding might vary somewhat as well depending on the plane of the section giving certain cellular structure a better exposure. However, the quality of tissue fixation might also have contributed to some of the staining variation. Initial attempts at immunostaining formalin-mixed mouse cochlea were negative. Experimentation with other fixatives revealed consistent staining patterns with tissues fixed in formalin plus glutaraldehyde. Although human material that was promptly fixed with formalin plus glutaraldehyde was not available, it seems likely that the immunostaining results from the human sections is credible because of its similarity to the patterns of immunostaining seen in animal tissue where control of fixation was possible. It remains to be confirmed that vestibular hair cells and fibrocytes are pfetin positive in human material.
It is striking that most of the cell classes stained by pfetin antibody in the cochlea have been implicated in the potassium recycling pathway through putative lateral uptake by Deiters' cells, forward through supporting cells, outer sulcus cells, and spiral ligament fibrocytes, and on to strial marginal cells. Given the cell types stained by pfetin antibody and their associated function in the cochlea, it is possible that pfetin plays a role in ion transport or ionic content regulation in the cochlea. This hypothesis is especially intriguing given the presence of the it T1 domain in pfetin, since this domain is characteristic of K + channel subunits. An exciting discovery came from the vestibular sensory epithelium where the cuticular plate and the cytoplasm of the type I hair cells were immunostained. Although the function of this gene product is not yet clear, loss of gene function would likely result in a vestibular phenotype if pfetin plays a key role in hair cell function. Similar to the type I fibrocytes stained in the cochlea, connective tissue cells in the vestibular system show pfetin immunostaining as well. Specifically, immunostaining for pfetin in the human fetal, mouse, and some guinea pig vestibular sections reveals a positive signal in a layer of cells underlying the transitional cells and vestibular dark cells. In mouse sections, the connective fibrocytes underneath the vestibular sensory epithelium are prominently stained by pfetin antibody. The functions of these cells are not known. In addition, little is known about the pfetin-positive cell layer that lines the lumen of semicircular canals. They form the barrier that faces the endolymphatic space. It is possible that they play some role in ionic content regulation in the vestibule. Because T1 domains are members of the POZ domain superfamily, and some proteins containing these domains are involved in cytoskeletal organization, pfetin may also function, by protein-protein interaction via the T1 domain, in the structural organization of the cochlea and vestibule. Given the presence of pfetin in a variety of cell classes such as sensory cells, nerve cells, epithelial cells, and connective tissue cells in the cochlea and vestibular system, it is likely that pfetin could have broad functional roles in the inner ear and the vestibular system. Additional studies are needed to further elucidate the function of this intriguing novel gene.
